Abstract-One of the key elements in optical wireless applications such as laser scanning and writing is beam steering. While beam steering can be done actively using mirrors or liquid crystals, we have taken a passive approach to steer a beam in two dimensions by wavelength tuning. Therefore, we have fabricated an integrated two-dimensional beam steerer using silicon-on-insulator. The beam width is around 4.0 and can be steered in a range of for a wavelength shift of 100 nm. The beam width and range can be further optimized by changing the grating structure and size of the component.
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I. INTRODUCTION
O PTICAL beam steering is of key importance in free-space optical applications. Several beam steering methods have been developed such as MEMS (MicroElectroMechanical systems), movable mirrors, acousto-optic deflectors or optical phased arrays (OPAs) [1] . An OPA consists of an array of radiating apertures of which the phase can be controlled. In [2] , such an integrated OPA on silicon-on-insulator (SOI) has been demonstrated using thermo-optic phase tuning. While these approaches need active steering of all the elements, beam steering can also be done by wavelength tuning. When using diffractive elements, the direction of emission can be controlled by wavelength tuning. A two-dimensional space can then be scanned by using two dispersive elements as has been shown in [3] .
In this letter, we present a fully integrated approach to perform two-dimensional off-chip wavelength scanning using the silicon photonics platform. The steering principle is based on scanning a beam slowly in one direction while it is steered very fast in the other direction using a low and high order grating, respectively. The high order grating consists of an Arrayed Waveguide Grating (AWG). The low order grating is the out-coupling grating which performs two tasks: coupling the light off-chip and steering the beam slowly in one direction. The steering speed is determined by the wavelength sweeping speed, which can happen very fast. The basic principles and results of this component have been shown in [4] , while in this Letter we give a more in debt analysis of the power efficiency, measured wavelength range and optimization possibilities. These beam steering elements can find applications in laser scanning, spectroscopy, demultiplexing [5] and spectral pulse shaping applications [6] . Next, we discuss the design and fabrication of the component. Section III will give the measurement results. Finally, the conclusion is presented in Section IV.
II. DESIGN AND FABRICATION
The component shown in Fig. 1 was fabricated on SOI at imec, using standard CMOS (Complementary Metal Oxide Semiconductor) processes [7] . The SOI wafer has a 2 m buried oxide layer and a 220 nm silicon top layer. An etch of 220 nm was used to etch the waveguides and the star coupler and an etch of 70 nm to define the grating couplers and tapering sections of the star coupler. Light is guided from an optical fiber into the structure using a grating coupler for near vertical coupling of the TE (Transverse Electric)-like mode [8] . The waveguide is then adiabatically tapered to a 450 nm wide photonic wire which is the input waveguide shown in Fig. 1(a) . Light is then split through a star coupler into 16 waveguides which are spaced at a distance of 2 m. The delay lines have a width of 800 nm which reduces phase errors. There is a fixed delay length between each waveguide, which forms the AWG. At the end of each waveguide, the photonic wire tapers to a 800 nm wide wire on which a grating is etched. The period of the grating is 670 nm with a fill factor of 50% ( Fig. 1(b) ).
The grating coupler consists of a second order grating and will perform two functions: coupling light out-of-plane and steering the light slowly in the -direction. The steering in the -direction ( Fig. 1) is given by the grating equation:
with the period of the grating nm , the free-space wavelength, the effective index of the guided 1041-1135/$26.00 © 2011 IEEE mode in the grating area and the refractive index of the background which is air in this case. The steering speed is given by (2) where the approximation is valid when the angle is relatively small. There is also an important dispersion factor . Whereas material dispersion is relatively weak for the wavelength range considered here, the waveguide dispersion has a significant influence due to the extremely high confinement in the small photonic wires. This dispersion factor is about nm for a 70 nm deep etched grating in a 800 nm wide waveguide.
While the beam is scanned slowly in the -direction, a fast steering is performed in the -direction ( Fig. 1(a) ) due to the AWG. The grating couplers are placed in a -array configuration with positions , with the spacing of the elements in the -direction and . The far field can be calculated by multiplication of the far field of one grating coupler with the array factor :
where is the phase delay between the elements, is the wave vector (in air) with magnitude and is the amplitude of each element which is further assumed to be 1. The length difference results in a phase delay of , with the effective index of the fundamental TE-like mode. The array factor can then be calculated in closed form:
The array factor is maximum in the -direction for (5) with an integer. Due to the delay lines, the absolute value of will be large. The beams will shift at a rate of (6) where the angle is assumed to be relatively small. Note that will be negative so that the beam will shift in the negative -direction for increasing wavelength. The effective index at nm for this wire is . The change of with wavelength for a 800 nm wide wire is negative as well and is about nm around nm. The waveguide dispersion is smaller in a wider waveguide. For comparison, the dispersion value is about nm in a 450 nm wide wire. However, the factor can become large so that the influence of dispersion cannot be neglected. 
III. MEASUREMENT RESULTS AND DISCUSSION
A Fourier imaging setup was used to investigate the far field pattern of the components [9] . The far field is imaged onto the back-focal plane of a microscope objective (MO). In this plane, one point corresponds to a specific direction of emission. This plane is then brought back to the infrared camera by means of two lenses. The numerical aperture (NA) of the microscope objective determines the maximum direction of emission that is captured by the measurement setup. An MO with a NA of 0.5 was used meaning that the maximum angle with respect to the normal of the surface that can be measured is 30 .
Different wavelength scanners were fabricated and measured for a wavelength range of 100 nm. The only difference between the components is the order of the AWG, which determines the steering speed in the -direction given by (6) . Fig. 2 shows the far field of a beam steering component with an AWG of order 150 at different wavelengths. While the beam width in the -direction depends on the out-coupling strength of the grating which is wavelength dependent (Fig. 5(a) ), the main reason why the beam profile becomes wider at wavelengths where is large, is due to aberrations in the Fourier imaging setup for the extreme off-axis case. In Fig. 3 a cross-sectional plot of the measured far fields is given. The mean out-coupling angle is measured to be at nm. The full-width-half-maximum (FWHM) beam width is 3.5 -4.0 in both the -and -direction. We can clearly see a very small shift in the -direction (smaller than the measurement capabilities), while the beam shifts about 6.5 in the -direction. The position of the beam for one of the fabricated components with an AWG of order 150 can be found in Fig. 4 . The -angle varies slowly while the -angle varies quickly when changing the wavelength. At each jump, we focus on a different lobe emitted by the grating array. This lobe then shifts out of the measurement range until a new lobe appears. The steering speed given by (2) is measured to be nm. The steering speed in the -direction given by (6) depends mainly on the order of the AWG and thus on the length difference . The results are summarized in Table I for the fabricated components. A good agreement with the theoretical expected values can be seen. Fig. 5(a) shows the out-coupling efficiency calculated using a 3-D-FDTD (Finite Difference Time Domain) simulation. The efficiency varies from 33% at 1500 nm to 26% at 1600 nm. The dip near 1630 nm corresponds to the wavelength where the grating acts as a second order reflection grating. By changing the period of the grating, we can shift the field-of-view to another angular range to ensure operation where the grating strongly couples out light. The efficiency of coupling light off-chip can be greatly increased using an extra silicon overlay as shown in [8] . In Fig. 5(b) , we can see the simulated angular spectrum for the two extreme cases of steering in the -direction. For wavelengths where , about 40% is emitted in the main lobe and 25% is emitted through the two other orders of emission, while the remaining 10% is lost in sidelobes between the different output orders. For wavelengths where , we are at the situation where a jump occurs to another output order (Fig. 4) . Both output orders now have an equal power of about 45%. In this case, both output orders (and thus almost all the light emitted) can be captured by the NA of the MO and the efficiency from input waveguide to free-space was measured to be roughly 10-13% around 1550 nm. The discrepancy with Fig. 5(a) is mainly due to the loss in the star coupler which is about 1.5 dB and the waveguide loss which is approximately 1 dB. The 3 dB field-of-view in the -direction of the scanner is determined by the FWHM of the far field of one grating coupler. This is shown as the red dashed line in Fig. 5(b) where the FWHM is 63 .
In order to scan the complete 2-D space, the beam should shift about 50 in the -direction when it has shifted 4 in the -direction (as the FWHM beam width is around 4 ). The latter happens over a wavelength range of about 27 nm. The minimum steering speed in the -direction should thus be around 1.85 nm. This results in a wavelength resolution of around 2 nm over a 100 nm wavelength range, or 50 resolvable spots in the 2-D angular space. The main limitation on this performance is due to the beam width.
The beam width can be decreased in the -direction by having more waveguides. However, when the delay lines become too long, phase errors due to sidewall roughness will broaden the beam, which was already the case for the higher order AWG . This can be overcome by optimizing the fabrication method to reduce the sidewall roughness of the delay lines. The beam width in the -direction depends on the strength of the grating. The strength is strongly dependent on the grating etch depth. Having an etch of less than 70 nm would result in a weaker grating with a longer out-coupling length and thus a narrower beam. This would increase the sensitivity of the component.
IV. CONCLUSION
A two-dimensional off-chip beam steerer on SOI has been presented. Steering ranges of about 15 in the -direction and 50 in the -direction were measured for a wavelength shift of 100 nm. The maximum measured sensitivity of shift in the -direction was 10.7 nm. The maximum wavelength resolution in 2-D was 2 nm and is limited by the beam width. This can be further improved by increasing the number of grating couplers and decreasing the strength of the out-coupling grating.
